Quadrature Spatial Modulation (QSM) is a high spectral efficiency Multiple-Input Multiple Output (MIMO) technique used to improve the spectral efficiency of wireless communication systems. The main concept of QSM is to extend the spatial constellation of the conventional Spatial Modulation (SM) in both the in-phase and quadrature components of the data symbol. In this paper, because QSM-based on Interleaving Division Multiplexing (IDM) has not been introduced in the literature as a multiple antenna system, we introduced a novel scheme, called QSM system based on Interleaving Division Multiplexing (QSM-IDM). The antenna sets are also applied to a spreader, before being used to assign an antenna number for information transmission. Analysis and simulations for a flat fading channel show that the proposed QSM-IDM method significantly outperforms the original QSM system with the same data rate, while maintaining a relatively acceptable complexity. The obtained simulation results show that the conducted analysis yields significant improvements for the accuracy of the proposed scheme, with satisfactory complexity.
Introduction
During the last decade, high spectral efficiency has been the top priority to improve the performance of any wireless communication system. Single antenna systems have failed to provide a high spectral efficiency, while multiple antennas, such as Multiple-Input Multiple Output (MIMO) systems, have been able to provide this [1] . Spatial Modulation (SM) [2] , Space Shift Keying (SSK) [3] , and Space-Time Shift Keying (STSK) [4] are (MIMO) techniques that utilize various transmitting antennas in an inventive manner. Increasing complexity, energy consumption, and costs are the major problems of traditional MIMO techniques. These drawbacks primarily result from the Inter-Channel Interference (ICI) caused by the increase in transmitting antennas, Inter-Antenna Synchronization (IAS), and multiple Radio Frequency (RF) chains, which in turn increase the complexity and cost of a MIMO system [1] .
SM is the integration of digital modulation systems with a multiple antenna system to achieve a spatial multiplexing gain by using multiple antennas at a transmitter in a unique manner [2] . SM is employed to overcome the problem of ICI, and requires no synchronization between transmitting antennas, achieving a low complexity and cost without reducing the system performance. Furthermore, it has been shown that SM is more robust to channel variations, such as spatial channel correlations and channel estimation errors, compared with other MIMO techniques. In SM, a block of any number of information bits is mapped into a constellation point in the signal domain and a constellation point in the spatial domain. The distinction between channels of transmitting antennas is a major parameter influence on bit error rate of SM rather than the channel realization. Only one transmitting antenna of the set will be active at any time. The key of spatial modulation is that it takes the advantage of the spatial position of each transmitting antenna as an extra source of information to enhance the spectral efficiency.
SM multiplexing picks up expansions logarithmically using the number of transmitting antennas rather than directly as in Bell Labs Layered Space-Time (BLAST) strategies [5] . Regardless of the critique of SM, the information rate is increased in correspondence to the base-two logarithm of the number of transmitting antennas. In [6] , the authors proposed a new modulation approach called Trellis Coded Spatial Modulation (TCSM). The aim of this scheme is to reduce the effect of channel correlation on the performance of SM. It exploits convolutional encoding and Maximum-Likelihood Sequence Estimation (MLSE) decoding to increase the free distances between sequences of spatial-constellation points. Generalized SM (GSM) systems are reported in [5] , using a group of transmitting antennas that are considered as a spatial constellation point, and are activated simultaneously to enhance the overall spectral efficiency. A main drawback of GSM is that the increasing number of antenna combinations introduces detection complexity to the receiver, leading to a slight performance degradation compared to the system's SM/SSK counterpart reported in [7] . An alternative SSK scheme, called Bi-Space Shift Keying (Bi-SSK), is reported in [8] , where orthogonal symbols are transmitted simultaneously from one or two transmitting antennas to enhance the spectral efficiency of the SSK system. A minor performance degradation is reported compared to the SSK system, but with twice the data rate.
Recently, a new MIMO scheme called Quadrature Spatial Modulation (QSM) has been introduced, which is based on the expansion of the spatial constellation domain into a new dimension by utilizing both inphase and quadrature components from one or two antennas at the same time [9] . QSM achieves the same error performance and spectral efficiency as SM with 3 dB less signal power, while preserving all its implicit advantages [10] . The first dimension transmits the real part of a signal constellation symbol, and the second transmits the imaginary part of the constellation symbol. ICI is also maintained, because the two transmitted items of information are orthogonal, and adjusted on the real and imaginary parts of the carrier signal, respectively. However, an additional base-two logarithm of the number of transmit antennas bits can be transmitted in QSM, compared to a conventional SM system [10] . This idea can also be considered for enhancing the spectral efficiency of other schemes, such as GSSK [5] . Likewise, the Bi-SSK system can be obtained as an exceptional case of QSM by considering bi-orthogonal data symbol and accepting that only spatial constellations can pass on data, as in the SSK system [8] .
Recently, a few studies have considered QSM in a conventional MIMO system, and the performance enhancement compared to conventional SM. In [11] , the impact of Gaussian imperfect channel estimation on the performance of a QSM system was studied. The QSM system has also proven to be very robust to channel estimation errors compared to the conventional SM system, while achieving a higher spectral efficiency and maintaining most of its advantages. The performance of the QSM system over the Nakagami-m MIMO channel was analyzed in [12] . The results show that the QSM system is superior to its equivalent SM system for different channel parameters and system configurations. QSM in Cognitive Radio (CR) is a new spectral and energy efficient MIMO transmission paradigm. The QSM system has been shown to be very robust to channel estimation errors compared to the conventional SM system, while achieving a higher spectral efficiency and maintaining most of its inherited advantages [13] . Finally, the performance of QSM Amplify-and-Forward (AF) Cooperative Relaying systems employing a Maximum Likelihood (ML) detector at the receiver has been studied. The QSM cooperative system outperforms the conventional SM cooperative system, while achieving a higher spectral efficiency and maintaining most of its inherited advantages, and without any additional receiver complexity [14] .
Moreover, Interleaving-Division Multiple Access (IDMA) is a recently proposed scheme that exploits chip-level interleavers for user separation, unlike in CDMA where each user is assigned a sequence [15] . IDMA allows dynamic channel sharing, mitigation of cross-cell interferences, asynchronous transmission, and robustness in contrast against fading, with low decoding complexity [16] . In [17] , the details of IDMA were described, motivated by soft interference cancellation techniques and iterative turbo decoding schemes, where an iterative receiver was proposed. IDMA can be integrated into a MIMO system more easily than CDMA in order to increase spectral efficiency [18] . In [19] , Superposition Coded Modulation integrated with SM (SCM-SM) employs a low-complexity iterative detector combined with a sphere detector to enhance the performance of the SM system. Finally, it was reported in [20] that Chip-by-Chip for a Spatial Modulation MIMO system using an iterative detector (CBC-ID-SM-MIMO) improves the system performance, with a low receiver cost.
In this paper, a novel QSM system based on Interleaving Division Multiplexing (QSM-IDM) is introduced to improve the overall performance of conventional QSM. The rest of this paper is organized as follows: In Section II, the QSM-IDM system model is presented. Results are discussed in Section III, and the paper is concluded in Section IV.
System model
In this section, a proposed system model for (QSM-IDM) is introduced. The proposed MIMO system consists of N t transmitting antennas and N r receiver antennas. The transmitter of the proposed QSM-IDM scheme is shown in Fig. 1 
be the group of data bits to be transmitted at a particular time instant, with M denoting the modulation order of arbitrary M-Quadrature Amplitude Modulation (M-QAM) over an L layer subsequence.
The source information is divided into three sets: two for spatial constellation and one for information, as in conventional QSM [10] . Two spatial constellations are both modulated by log 2 ðN 2 t Þ bits. The antenna activated for transmission is assigned using bits of antenna sets, as in QSM, after spreading them using a spread sequence S A , which is the same for both real and imaginary antenna sets. In addition, the signal constellation symbol is modulated by L 2 log 2 ðMÞ bits. To produce the QSM-IDM symbol, the data bits are further segmented into L subsequences, each of which structures one layer of the QSM-IDM signal. The bits in the information set are spread by the same sequence S D to form the spread sequence c l . Then, the bit sequence c l is permutated by various chip random interleavers π L , producing independently permuted spread bit sequences b l , ðl ¼ 1; …; LÞ. Furthermore, the sequences on each layer are changed into binary balanced sequence signals as 1 → À 1, with every two successive bits mapped onto the real and imaginary parts of one QPSK symbol, respectively. Moreover, the corresponding QPSK symbols x l from every layer are directly superimposed together to yield the output signal as
where x l is the QPSK symbol on the l th layer. Finally, the signal constellation symbol x is further decomposed into its real x N and imaginary x J parts. The real part is transmitted from one of the existing N t transmitting antennas, where the active antenna index is determined by the first log 2 ðN t Þ bits. Similarly, the imaginary part is transmitted by either the same or another transmitting antenna depending on the second log 2 ðN t Þ bits. However, the transmitted real and imaginary parts are orthogonal, representing the in-phase and the quadrature components of the carrier signal, respectively [10] . These carrier components are orthogonal, and ICI is completely avoided at the receiver side. However, the transmitting antennas should be synchronized at all times to begin transmission. The final transmitted signal, composed of real and imaginary parts, is processed by a single In-phase and Quadrature (IQ) RF chain to yield:
Compared with the original QSM [10] , the main difference of the transmitter of QSM-IDM is that the IDM does not assume the position of the conventional modulation scheme for signal constellation mapping. Rather than specifically mapping L 2 log 2 M consecutive coded bits onto the constellation point, we superimpose L layers of weighted QPSK symbols together to form the final constellation, where M ¼ 2 2L is the constellation size. The extra operations for the QSM-IDM transmitter are the serial-to-parallel transformation near the start and the weight summation at the final stage, which induce minor changes in complexity.
The transmitted vector is then passed through an N t Â N r wireless channel matrix, where the channel between each transceiver antenna pair is a quasi-static Rayleigh fading during each data block, and experiences an N r additive white Gaussian noise n with zero mean and variance σ 2 h . We further use H to represent the complex channel matrix of dimension N t Â N r . Its component h m;n denotes the complex channel path gain between the n th transmitting antenna and m th receiving antenna, and h ℓ< and h ℓℑ are the columns of H, as shown below:
h ℓI ¼ ½h 1;ℓI ; h 2;ℓI ; …; h Nr ;ℓI T :
Here, n ¼ ½n 1 ; n 2 ; …; n Nr T is the complex Gaussian noise vector with zero mean and variance N o (both the real and the imaginary parts have power spectral density N o =2 ). The received signal at the output of the channel is given by
In the Chip by Chip Iterative Detector (CBC-ID) section, we concentrate on the detection process for one specific symbol, with the time index j omitted for notational simplicity. The estimation of the modulated symbols and the transmitting antenna indices is required to recoup the data bits at the receiver in the QSM-IDM framework. Our proposed iterative detector, as shown in Fig. 2 , includes two stages. In the initial step, the received signal is fed into i-Maximum Ratio Combining (i-MRC) to estimate the transmitting antenna indices for the real and imaginary parts:
where ð⋅Þ H denotes the Hermitian transpose, and k ⋅ k F is the Frobenius norm.
In the proposed receiver, the detection process consists of two steps. The first is to estimate information data set, and the second is to estimate the antenna data set based on the knowledge of the antenna number estimated for i-MRC and the channel information. Antenna data bits are despread using sequence S À1 A , which is applied to the antenna indexmapper. In the IDM section, CBC-ID is used to estimate the information data set as shown in Fig. 2. Based on b h ℓ< and b h ℓℑ , the iterative detector is employed in the next stage to demodulate the received signal in a chipby-chip manner [15] . The received signal can be rewritten as follows:
where ξ is the distortion in the received signal, including the interference plus noise. The QSM-IDM shown in Fig. 2 consists of an Elementary Signal Estimator (ESE) and a posteriori probability decoder for DE-Spreading operation (DES), working in turbo-type manner. The main issues are to calculate the mean and variance in the ESE and use the Logarithm Likelihood Ratio (LLR) to optimize the posterior of the received signal. For a complex random variable y with real part y Re and imaginary part y Im , we define the mean and variance as [15] E½y ¼ E½y Re þ J E½y Im (9)
where
The covariance of the real part y Re and imaginary part y Im of the received signal is given in [15] as
Then:
The ESE outputs are the LLRs of the data spread about x j , which are computed based on (5):
The corresponding ESE outputs are de-interleaved to form L À c Re l Á ; and delivered to the DES. The DES performs soft-in/soft-out chip-by-chip despreading operations as described below. It is assumed that the Lðc Re l Þ are uncorrelated, owing to interleaving. Then, based on (18) a posteriori LLR d Re 1 can be computed using Lðc Re l Þ as follows [15] :
The extrinsic LLRs Extðb l Þ form the outputs of the DES and feedback to the ESE after interleaving. In the next iteration, Extðx < Þ is used to update the mean Eðx < Þ and variance Varðx < Þ as below [15] :
The iterative process is repeated a preset number of times. In the final iteration the DES produces a hard decision b d l on the information bits based on LLR. It is worth noting that the LLR for the imaginary parts can be obtained in the same manner.
Complexity analysis
In this section, a complete study of the complexity of the proposed QSM-IDM system is presented. The complexity increase in the QSM-IDM transmitter is negligible compared to that in the original QSM. Therefore, our emphasis is on the complexity of the receiver end. Motivated by [21] , we compute the complexity of the proposed detector in terms of real multiplications. There are two stages in the proposed detector. In the initial stage, the complexity of the i-MRC detector is [2] . The following stages proceed in an iterative manner. The complexity of the Iterative Detector (ID) iteration can be calculated as [19] 
where L is the number of sublayers, and Q is the number of iterations. The overall complexity of the proposed receiver is given by
From the above analysis, we conclude that the complexity of the proposed detector increases linearly with an increasing number of sublayers and iterations. Consequently, decreasing the number of iterations as far as possible results in a better performance for the proposed system compared to the conventional QSM.
Simulation and discussions
The main objective in this section is to evaluate the performance of the proposed QSM-IDM system. The performance of the proposed system is evaluated through Monte Carlo simulations. It is compared to the conventional QSM, and conventional SM combined with an iterative detector, under the constraint of achieving a similar spectral efficiency. Throughout the simulation, we assumed a Gaussian MIMO channel with unit variance, which is an uncorrelated flat Rayleigh fading channel. During data transmission, full knowledge of the channel and perfect frequency synchronization were assumed. Fig. 3 shows the Bit Error Rate (BER) versus the Signal-to-Noise Ratio (SNR) in various combinations of both the transmitting antenna and receiving antenna (N t Â N r Þ with different spreading lengths. The number of iterations in QSM-IDM is set to It ¼ 2, and the number of layers of information bits is set to L ¼ 4. As seen from the curves, the best performance for QSM-IDM is that with 4 dB. This demonstrates that BER achieves similar performance at low and high SNRs when the number of antennas in the transmitter is equal to the number of antennas in the receiver. However, increasing the spreading sequence Sp decreases the BER (So the optimal scenario is when S A ¼ S D ¼ 16Þ. It can be observed in Fig. 3 that the spreader with a length of 16 bits provides a 5 dB enhancement over the BER 10 À5 with different antenna combinations, rather than that with a length of 8 bits.
In Fig. 4 , the effect of increasing the number of iterations on the system performance of QSM-IDM is illustrated. We study different groups of transceiver antennas with various numbers of iterations for the ID. It can be noticed from the curves that increasing the number of iterations for any combination of antennas decreases the BER. As shown in Fig. 4 , the important conclusion can be reached from this figure that increasing number of iterations above two does not enhance the performance of the proposed scheme.
In Fig. 5 , we compare the BER performances of the QSM-IDM scheme with different numbers of layers for the antenna configuration N t ¼ 4 and N r ¼ 4. Note that increasing the number of layers improves the performance of the QSM-IDM scheme. It can be seen from the figure that a minimum improvement of 3 dB at BER ¼ 10 À5 could be achieved for the proposed system with 12 layers compared to 4 layers. However, this enhancement increases the complexity of the system, and consequently the QSM-IDM system with eight layers achieves a better performance with acceptable complexity.
In the next simulation, as shown in Fig. 6 , a considerable performance enhancement is illustrated for the proposed system compared to the conventional SM system with an iterative detector [20] , conventional QSM [10] , and SCM-SM [19] . It can be seen from the figure that minimum improvement of 4 dB at BER ¼ 10 À5 could be achieved for the antenna configuration N t ¼ 4 and N r ¼ 4 using our scheme compared to SCM-SM. As shown in the figure, the improvement achieved by our proposed system at BER ¼ 10 À5 is about 8 dB compared to conventional QSM with a 16 QAM system. Finally, an improvement of 3 dB at BER ¼ 10 À5 is observed compared to SM-IDM.
Conclusion
In this paper, QSM-IDM is combined with the conventional QSM method for the spreading of information bits, which is used to modulate information into constellation points. The antenna set is also fed to the spreader, before using it to assign the antenna number for information transmission. An iterative detector with low complexity was designed for the proposed QSM-IDM system. The simulation results for the proposed system in different antenna combinations show that it performs considerably better than the conventional QSM system. In addition, the performance of the proposed system can be improved by increasing number of iterations of the iterative detector and increasing the length of the spreader used for the information set of the antenna sets. Thus, IDM combined with QSM achieves a collaborative performance improvement from the perspective of a network user. Finally, the main drawback of our proposed system is an increase in the system complexity and processing time, which is negligible compared to that in the original QSM system. Eventually, we recommend employing QSM-IDM system for delay insensitive applications as data networks. 
